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Yun Gong1,2 , Quan Gan1,2 , Alan Z. Liu4 , Yan Ying Yan5 , and Hang Liu1,2
1
School of Electronic Information, Wuhan University, Wuhan, China, 2Key Laboratory of Geospace Environment and
Geodesy, Ministry of Education, Wuhan, China, 3State Key Laboratory of Information Engineering in Surveying, Mapping
and Remote Sensing, Wuhan University, Wuhan, China, 4Department of Physical Science, Embry Riddle Aeronautical
University, Daytona Beach, FL, USA, 5College of Data Science, Taiyuan University of Technology, Taiyuan, China

Abstract By analyzing data recorded at the Andes Lidar Observatory in Cerro Pachon, Chile (30.3°S,
70.7°W) from May 2014 to July 2019, we investigated the fundamental features of three-dimensional wind
and temperature spectra. The vertical wavenumber spectral amplitudes of horizontal winds show obvious
seasonal variations that are closely related to the seasonal variations in the source and background winds. The
wavenumber spectral slopes of the horizontal winds are systematically less negative than −3, with mean values
of −1.96 and −2.18 for zonal and meridional winds, respectively. The zonal and meridional wind frequency
spectra have mean slopes of −1.37 and −1.56, respectively; these values are slightly less negative than −5/3.
Moreover, the frequency spectral amplitudes show different seasonal variations from those of the wavenumber
spectra, possibly because they correspond to different GW spectral components. The vertical wind has
obviously different spectral features than the horizontal winds. The vertical wind spectra are notably shallower
than the horizontal wind spectra, with mean slopes of −0.82 and −0.91 for the wavenumber and frequency
spectra, respectively, departing evidently from those expected under linear instability theory (LIT). Although
the vertical wind spectrum is almost always separable, the horizontal wind spectra are separable only at high
frequencies. As the frequency increased, the horizontal wind wavenumber spectra become shallower and depart
from the spectral slope expected under LIT, likely because high-frequency GWs are not completely saturated.
In general, our results do not support LIT.
1. Introduction
When atmospheric gravity waves (GWs) propagate upward from the lower atmosphere into the middle and upper atmosphere, they can attain very large amplitudes due to the atmospheric density decreasing with height.
Large-amplitude GWs cause local convective and/or dynamic instability and deposit wave energy and momentum
into the background atmosphere in which they propagate, thus altering the dynamics of the middle and upper
atmospheric. Currently, it is well known that GWs have an important effect on energy transportation from the
lower atmosphere to the middle and upper atmosphere (Fritts & Alexander, 2003).
There are many GW-related research fields, one of which involves the GW spectrum. The GW spectrum includes the wavenumber spectrum and frequency spectrum. Decades of horizontal wind and temperature observations have revealed that the wavenumber and frequency spectra of GWs have some universal features (Dewan
et al., 1984; Dewan & Good, 1986; Fritts & VanZandt, 1987; Smith et al., 1987; Tsuda & Fritts, 1989; Tsuda
et al., 1990; Wilson et al., 1991; VanZandt, 1982). For example, in logarithmic coordinates, the amplitudes of
the GW wavenumber or frequency spectrum in the saturation region usually decreases nearly linearly with an increasing wavenumber or frequency, respectively. For both the horizontal wavenumber and frequency spectra, the
observed spectral slopes are approximately −5/3 in logarithmic coordinates, while for the vertical wavenumber
spectrum, the slope is approximately −3. Besides the universality, the GW spectrum also exhibits some latitudinal, height and seasonal variations (Allen & Vincent, 1995; Senft & Gardner, 1991; Sivakumar et al., 2006;
Wu et al., 2013; Zhang et al., 2013; Zhang, Huang, Huang, Gong et al., 2017; Zhang, Huang, Huang, Zhang
et al., 2017). Most GW spectral variations can be attributed to variabilities in the wave source and background
atmosphere (Eckermann, 1995; Gardner & Liu, 2007; Sivakumar et al., 2006; Zhang et al., 2008, 2013; Zhang,
Huang, Huang, Gong et al., 2017; Zhang, Huang, Huang, Zhang et al., 2017).
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The formation mechanism of the GW spectrum is closely associated with the energy dissipation and transformation of GWs among different wave scales. Therefore, to better understand the associated atmospheric dynamics,
many scholars have developed different GW spectral theories to explain the observed GW spectra. For example,
the linear instability theory (LIT) (Dewan & Good, 1986) is based on the assumption that the amplitude of the
vertical wavenumber spectrum is limited by an instability-threshold value; the diffusion filtering theory (DFT)
(Gardner, 1994) is based on the assumption that GW source spectra grow exponentially with height in response to
a decreasing atmospheric density until they are removed by diffusive damping; the Doppler-spread theory (DST)
(Hines, 1991) assumes that GW saturation is attributed to nonlinear interactions between full-spectrum waves due
to Doppler-shifting; the saturation-cascade theory (SCT) (Smith et al., 1987) is based observed saturation spectra
being not only due to individually saturated waves but to also most likely result from amplitude-limiting instabilities caused by wave superposition; and the refractive spreading theory (RST) (Eckermann, 1997) assumes that
the velocity oscillations of long waves produce important changes in the refraction characteristics of short waves
in the atmosphere. All these theories can reproduce the “quasi −3” observed slope in the vertical wavenumber
spectra of the horizontal wind and temperature, but these theories cannot predict (or output different predictions
for) the slopes in the vertical wavenumber spectrum of vertical wind. For example, LIT predicts that the slope of
the vertical wind spectrum should have the same value (−3) as that of the horizontal wind spectrum, while DFT
predicts that the vertical wind spectrum has a spectral slope of 1. DST, SCT and RST do not particularly predict
the slope of the vertical wavenumber spectrum of vertical wind. They instead state that a universal spectrum
should follow a spectral slope of −3; in addition, according to DST, there should be a spectral slope of −2 at the
largest wavenumber, while RST predicts a slope of −1 at the largest wavenumber. Thus, vertical wind should play
an essential role in evaluating existing spectral theories.
However, due to the large difficulties in measuring vertical wind, only a few vertical wind spectral observations
are available. Notably, some reported vertical wind vertical wavenumber spectra have obviously less negative
slopes than those of horizontal wind spectra. Gardner et al. (1998) reported that the slopes of vertical wind vertical wavenumber spectra vary from −0.83 ± 0.04 to −1.48 ± 0.03 in the mesopause region at the Starfire Optical
Range, as determined from eight-night lidar observations. Additionally, from lidar observations taken in the
mesopausal region in Haleakala, Maui, Gardner et al. (1995) reported that the vertical wind mean spectral slope
was −1.2 ± 0.1. Zhang et al. (2013); Zhang, Huang, Huang, Gong et al. (2017); Zhang, Huang, Huang, Zhang
et al. (2017) analyzed multiyear (1998–2008) radiosonde data from 92 United States stations in the Northern
Hemisphere and found that the vertical wavenumber spectral slopes of vertical wind perturbations varied from
−1.1 to −0.2 and from −0.6 to −0.1 in the troposphere and lower stratosphere, respectively. Similar discrepancies
between the vertical wind spectrum and horizontal wind spectra can also be found in their frequency spectra.
Gardner et al. (1998) found that the vertical wind frequency spectral slopes varied between −0.59 ± 0.13 and
−1.2 ± 0.09 in the mesosphere and lower thermosphere (MLT) region. In the lower atmosphere, using the observations of the 430 MHz radar at Arecibo Observatory in 1979 and 1980, Larsen et al. (1986) calculated that
the vertical wind frequency spectrum has slope near −1. Additionally, as observed by the Arecibo 430 MHz
radar, Cornish (1988) reported that the frequency spectra obtained from vertical wind time series showed slopes
between −0.5 and −1.0 in the tropical upper troposphere and lower stratosphere (8–22 km). These vertical wind
frequency spectral slopes are all less negative than the canonical horizontal wind spectral slope of −5/3. These
results indicate that vertical wind has evidently different spectral features as those of horizontal winds. However,
these discrepancies cannot be fully addressed under any existing spectral theory. Therefore, observations are critical for reaching a further understanding of GW spectra and evaluating the existing spectral theories.
Another important aspect of the GW spectrum is its separability, and this topic is still under debate. LIT predicts
that the GW spectrum is separable, meaning that the vertical wavenumber spectrum should follow the power
spectral law of −3 and should be independent of the wave frequency because the wave amplitude is assumed
only using the instability. However, DFT assumes that diffusion removes waves from the spectrum and that the
GW spectrum is non-separable. Since GW spectrum separability investigations require high-spatiotemporal-resolution and large-spatiotemporal-span observations, very sparse observations have been considered in previous
studies (Fritts & Chou, 1987; Fritts & Hoppe, 1995). Therefore, this feature of the GW spectrum is still not well
understood.
GW spectra investigations have mainly been conducted using ground-based high-resolution instruments, such as
radiosondes (Dewan & Grossbard, 2000; Huang et al., 2018; Tsuda et al., 1994; Zhang et al., 2008, 2013; Zhang,
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Huang, Huang, Gong et al., 2017; Zhang, Huang, Huang, Zhang et al., 2017), radar (Chen et al., 2013; Fritts &
Hoppe, 1995; Gavrilov et al., 1996; Larsen et al., 1987; Sato et al., 2017; Tsuda et al., 1990), and lidar (Collins
et al., 1994; Gardner et al., 1995, 1998; Gao et al., 1998; Huang et al., 2017; Li et al., 2007; She & Yu, 1994;
Wilson, 1990; Wilson et al., 1991). Although radiosondes have high vertical resolutions, routine balloon launching occurs only twice daily; thus, these data cannot be used to study frequency spectra. Radar can continuously
measure three-dimensional winds with moderate vertical resolutions and has thus been extensively applied to
study GW wavenumber and frequency spectra. However, since vertical wind is much smaller than horizontal
winds, radar-measured vertical wind inevitably contain some uncertainty resulting from the radar beam width
and beam-pointing accuracies. Lidar techniques have high vertical and temporal resolutions and thus have the
capability of observing both the vertical wavenumber and frequency spectra from the troposphere up to the lower
thermosphere. However, only lidars with very large transmitter power and connected telescopes can provide
reliable vertical wind measurements. For instance, Gardner et al. (1998) studied the wavenumber and frequency
spectra of three-dimensional winds in the MLT using only eight-night lidar observations. To date, observational
studies on the spectral features of three-dimensional winds in the MLT region have been very sparse.
In this paper, we study the features of the wavenumber and frequency spectra of three-dimensional wind perturbations and normalized temperature perturbations in the MLT region using lidar data collected in the Andes. The
Andes lidar data and spectral analysis methods are introduced in Section 2. In Sections 3 and 4, we present the
three-dimensional winds and normalized-temperature vertical wavenumber and frequency spectra, respectively.
A discussion on the seasonal differences between the vertical wavenumber and frequency spectra is presented in
Section 4. By analyzing the wavenumber-frequency spectra, the separability of the GW spectrum is investigated
in Section 5. Finally, a summary is provided in the last section.

2. Data and Analysis Approach
The dataare obtained from a sodium narrow-band lidar instrument located at the Andes Lidar Observatory (ALO)
in Cerro Pachon, Chile (30.3°S, 70.7°W). The main oscillator of this sodium lidar system uses a high-power amplifying diode, and the power aperture reaches 0.4–0.6 W·m2 (She & Yu, 1994). A tri-frequency technique is used
to detect the atmospheric wind field and temperature. The frequencies are locked in the resonant frequency of the
D2a line of sodium atoms and the frequency shift of ±630 MHz (Krueger et al., 2015). The signal strength ratios
received by these three frequency channels are used to calculate the temperature and wind field in the height
range of 75–115 km with temporal and vertical resolutions of 6 min and 0.5 km, respectively. In this paper, we
used temperature, zonal wind, meridional wind, and vertical wind data to analyze the GW spectra at the mesopause. In our analyses, we first retained data with mean temperature uncertainties less than 3 K, mean horizontal
wind uncertainties less than 6 m/s, and mean vertical wind uncertainty less than 3 m/s. The uncertainties in the
lidar data were verified by Liu et al. (2016) using the signal-to-noise ratio (SNR) calculation method proposed
by Gardner (2004). Then, using all night-time observation data obtained at each height, we calculated the mean
values and the standard deviations. The standard deviations of the temperature, zonal wind, meridional wind and
vertical wind data are approximately 10 K, 26 m/s, 32 m/s and 3 m/s, respectively. Then, we removed the mean
values from the raw data to extract the perturbations. If the absolute values of the perturbations are greater than
2 times the standard deviations, we excluded the data (Bremer, 1995; Seo, 2002). Nightly data with a height span
of less than 10 km and a time span of less than 6 hr were screened out. Here, the applied data included a total of
171 nights, comprising 1,492.4 hr of observations from May 2014 to July 2019, among which only 1,002.8 hr
in 113 nights comprised temperature, zonal wind, meridional wind, and vertical wind data, while the remaining
489.6 hr in 58 nights contained only temperature and vertical wind data.
To carry out GW spectral analyses, we had to correctly extract GW perturbations from the raw data. First, we
removed the linear fittings of background values from each time series. Second, to eliminate possible tidal influences, we successively removed the 24-hr sinusoidal fitting, the 12-hr sinusoidal fitting and the 8-hr sinusoidal
fitting. Finally, for each height profile, in the fitting of the background components, we tested second-order and
third-order polynomial fittings and found that the corresponding spectral slopes had only slight differences, indicating that the data-processing method had only a slight influence on the shapes of GW spectra (Wang, 2003);
thus, we adopted a second-order polynomial fitting to specify the vertical background components and removed the second-order polynomial fitting from the height profile. Then, the residual components, that is, the
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𝐴𝐴
𝐴𝐴
𝐴𝐴
(𝐴𝐴′), meridional wind perturbations
(𝐴𝐴′) and vertical
temperature perturbations
(𝐴𝐴 ′), zonal wind perturbations
𝐴𝐴
wind perturbations
(𝐴𝐴′), could be regarded as GW perturbations.

In the wavenumber spectral analysis of the temperature perturbations, we used the normalized temperature per′ (𝑧𝑧)
𝐴𝐴
𝑇𝑇̂ (𝑧𝑧) = 𝑇𝑇𝑇𝑇 (𝑧𝑧)
𝐴𝐴
𝐴𝐴 ′, where T0 is the background temperature repturbations
instead of the temperature perturbations
0
resented by the mean nightly temperature. Subsequently, a discrete Fourier transform was performed on these
perturbation components to derive the vertical wavenumber power spectral density:
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𝐴𝐴𝑘𝑘𝐴𝐴is the 𝐴𝐴th wavenumber
𝐴𝐴 and 𝐴𝐴 (𝑚𝑚𝑘𝑘 ) denotes its discrete Fourier transform value. The window length of
where
the discrete Fourier transform is the vertical height span of the data and was typically 25 km. When the vertical
height span of the data was less than 10 km, no wavenumber spectral analyses were performed. The𝐴𝐴term Δ𝑧𝑧 rep𝐴𝐴
𝐴𝐴(𝑧𝑧𝑗𝑗 )
resents the vertical interval of the data set, while J denotes the total number of data points. The parameter
𝐴𝐴
𝐴𝐴
comprises the normalized temperature perturbations
(𝑇𝑇̂ (𝑧𝑧𝑗𝑗 )), zonal wind perturbations
(𝐴𝐴′ (𝑧𝑧𝑗𝑗 )), meridional wind
𝐴𝐴
𝐴𝐴
perturbations
(𝐴𝐴′ (𝑧𝑧𝑗𝑗 )) and vertical wind perturbations
(𝐴𝐴′ (𝑧𝑧𝑗𝑗 )).
𝐴𝐴 𝐴𝐴of𝐴𝐴𝐴𝐴 ′, 𝐴𝐴′,𝐴𝐴𝐴𝐴′ and 𝐴𝐴′ to calculate the frequency power spectral density. However, we used the
We used the time series
following normalized temperature perturbations to calculate the temperature frequency power spectral density:
𝑇𝑇 ′ (𝑡𝑡)
𝑇𝑇̂ (𝑡𝑡) =
(2)
𝑇𝑇0𝑧𝑧=ℎ
𝐴𝐴
𝐴𝐴0𝑧𝑧=ℎ is the nightly mean temperature at each height. Having specified the GW perturbations, we then
where
adopted a similar method as that used in the vertical wavenumber spectra calculation to calculate the frequency
spectra, and the discrete Fourier transform window length was set as the time span of the data, typically 10 hr.
When the time span of the data was shorter than 6 hr, we did not perform frequency spectral analyses.

3. Wavenumber Spectra
The analysis range of the wavenumber spectra depends on the vertical resolution and span of the Andes lidar
data. Thus, the wavenumber spectral analysis range is 0.08–1 km−1, corresponding to a vertical wavelength range
of 1–12.5 km. The linear fitting of the spectral slopes were carried out in the saturation wavenumber region at
approximately m*−0.5 km−1. Here, m* is the characteristic wavenumber that corresponds to the wavenumber
with the largest spectral amplitude.
We took the temperature and wind data observed from 2336 UT to 1024 UT on 11 June 2016 as an example
to describe the spectral analysis, and the vertical wavenumber power spectra are illustrated in Figure 1. The
vertical wavenumber spectral amplitudes (defined as the maximum power spectral density) vary significantly
throughout the night. The mean spectral amplitudes of the normalized temperature perturbations, zonal wind
perturbations, meridional wind perturbations, and vertical wind perturbations are 0.12 × 10−2 ± 0.11 × 10−2/
(cycle/km), 3.05 × 103 ± 1.94 × 103 m2 s−2/(cycle/km), 2.95 × 103 ± 3.14 × 103 m2 s−2/(cycle/km), and 2.53 × 101
± 4.83 × 101 m2 s−2/(cycle/km), respectively. Here, the mean spectra were obtained using the algebraic averages
of the vertical wavenumber spectra of all height profiles. The spectral intensities decreased nearly linearly as the
wavenumber increased in the high-wavenumber region under the logarithmic coordinate system, and the slopes
were calculated by linear fitting in the vertical wavenumber range of m*−0.5 km−1. The fitted slopes of the
mean normalized temperature perturbation and zonal and meridional wind perturbation spectra are −2.44 ± 0.11,
−2.38 ± 0.11 and −2.42 ± 0.14, respectively. These slopes are systematically less negative than the canonical
value of −3. The vertical wind perturbation spectra are much shallower than the canonical value, with the mean
spectral slope of −1.74 ± 0.13. This evident difference in slopes between vertical wind and other atmospheric
parameters has also been revealed using previous lidar observations (Gardner et al., 1995, 1998). For example, by
analyzing lidar data collected at heights from 84–100 km on 27 September 1993 above Haleakala, Maui, Gardner
et al. (1995) reported that the mean spectral slope of the normalized temperature was −2.5 ± 0.1, while the mean
spectral slope of the vertical wind was −1.2 ± 0.1.
LI ET AL.
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Figure 1. Vertical wavenumber spectra of the (a) normalized temperature perturbations, (b) zonal wind perturbations, (c)
meridional wind perturbations and (d) vertical wind perturbations with a 10.8 hr detection duration in the height range of
84.5–99 km on 11 June 2016. The black curves represent the vertical wavenumber spectra of the height profiles throughout
the detection duration, the blue curves represent the mean spectra of all vertical wavenumber spectra over the whole night,
and the red dashed lines denote the corresponding linear fittings in the saturation region of m*−0.5 km−1.

Table 1
T Statistical Significance Tests of the Slopes of the Vertical Wavenumber
Spectra With a Canonical Value of −3 and the Calculated Mean
Wavenumber Spectral Slopes
Mean slopes of all
wavenumber spectra
of all vertical profiles

P values with
the canonical
value of −3

P values with the
mean wavenumber
spectral slopes

T’/T

−2.39 ± 0.39

<0.001

>0.05

u’

−2.01 ± 0.36

<0.001

>0.05

v’

−2.22 ± 0.36

<0.001

>0.05

w’

−0.88 ± 0.39

<0.001

>0.05

Perturbations

LI ET AL.

To verify the consistency of the wavenumber spectral slope case analysis
and statistical analysis, we fitted the spectral slopes of wavenumber spectra obtained from all horizontal and vertical wind perturbation profiles and
normalized temperature perturbation profiles from May 2014 to July 2019
within the spectral saturation region and carried out T statistical significance
tests on the mean spectral slope of each variable. The results listed in Table 1
show that the P values obtained from the significance tests in which the canonical wavenumber spectral slope value of −3 is assumed for all variables
are far less than 0.001, indicating that the spectral slopes of horizontal winds
and temperature in the mesopause may not conform to the canonical value of
−3. The wavenumber spectral slopes of vertical wind deviated more from −3
than the slopes of other variables, and this result may imply that vertical wind
has different spectral features from horizontal winds. However, the P values
obtained from the significance tests with the calculated mean wavenumber
spectral slopes are mostly larger than 0.05. These indicated that statistical
results obtained for the wavenumber spectra are reliable.
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Figure 2. The seasonally averaged vertical wavenumber spectra of the (a) normalized temperature perturbations, (b) zonal
wind perturbations, (c) meridional wind perturbations and (d) vertical wind perturbations. The red, yellow, green and blue
curves are the seasonally averaged spectra in spring, summer, fall and winter, respectively. The dashed lines represent the
linear fittings in the saturation region of m*–0.5 km−1.

In the following analyses, we focused on the seasonal variations in the GW vertical wavenumber spectra. All the
wavenumber spectra calculated from height profiles were divided into four seasons: spring (from September to
November), summer (from December to February), fall (from March to May), and winter (from June to August).
The mean vertical wavenumber spectra calculated for the four seasons are illustrated in Figure 2. For the normalized temperature perturbations, the spectral amplitudes range from 1.85 × 10−2/(cycle/km) in summer to
2.65 × 10−2/(cycle/km) in winter; these results are similar to those calculated by Lu et al. (2015) and Gardner
et al. (1995) and exhibit only slight seasonal variations. The slopes calculated by linear fitting in the vertical wavenumber range of characteristic wavenumber m*−0.5 km−1 range from −2.20 ± 0.05 in spring to −2.34 ± 0.04 in
summer, with a mean value of −2.28. Lu et al. (2015) used lidar data collected at McMurdo Station in the winter
from 2011–2013 and reported that the slopes of the mean vertical wavenumber spectra of normalized temperature
perturbations in the altitude ranges of 35–60 km and 81–105 km were −2.55 and −2.26, respectively; these values
are very close to our results.
The spectral amplitude results obtained for the zonal and meridional wind perturbations range from 2.10 × 103
m2 s−2/(cycle/km) in fall to 4.56 × 103 m2 s−2/(cycle/km) in winter and from 3.66 × 103 m2 s−2/(cycle/km) in
spring to 1.08 × 104 m2 s−2/(cycle/km) in fall, respectively. These spectral amplitudes exhibit obvious seasonal
variations, with obviously larger values in spring and fall than in summer and winter. It is well known that the
LI ET AL.
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Figure 3. Annual variations in the mean (a) zonal and (b) meridional winds at 0–105 km at 30.3°S, 70.7°W, as obtained from HWM14.

main sources of GWs are in the lower atmosphere (Fritts & Alexander, 2003; Plougonven & Zhang, 2014);
therefore, the seasonal variations in lower-atmosphere GWs can be considered a proxy for the seasonal variations
in the GW sources. Satellite observations (Alexander et al., 2008, 2010; de la Torre & Alexander, 2005; de la
Torre et al., 2006; Gong et al., 2012; Hoffmann et al., 2013, 2016; Wang & Alexander, 2010; Xu et al., 2019;
Yan et al., 2019) have indicated GW activities are stronger in spring and winter in the lower atmosphere over
Andes, are moderate in fall, and are weakest in summer. The lidar observations collected in the mesopause region
and considered in this study also revealed that the horizontal wind spectral amplitudes are stronger in spring and
weaker in summer, indicating the impact of the GW source on GW activities in the mesopause. Although GW
activities are stronger in winter than in summer in the lower atmosphere, the horizontal wind spectral amplitudes
are lower in winter than in summer in the mesopause; this may result from the wind filtering effect.
To further study the causes of the seasonal variations observed in the spectra, we presented the annual variations
of the mean horizontal winds at 0–105 km at the same latitude and longitude of the Andes lidar observatory using
the horizontal wind model (HWM14) (Drob et al., 2015); the results are shown in Figure 3. For comparison, we
also presented the annual variations of the mean horizontal winds at 80–105 km, as determined from the Andes
lidar in Figure 4; these data represent the averages of all wind profiles in each month.
According to the mean zonal wind obtained from the HWM14 (Figure 3a), below 20 km, the zonal wind is mostly
oriented eastward, with the strongest eastward-oriented wind occurring in winter. Due to the wind filtering effect,
some eastward-propagating GWs are filtered out in the troposphere by background winds; in turn, the GW energy
decreases, and most GWs are likely to propagate westward above 20 km, especially in winter. At 20–80 km, the
background zonal wind reverses to a strong westward-oriented wind in summer (from December to February).

Figure 4. Annual variations in the mean (a) zonal and (b) meridional winds at 80–105 km, as determined from the Andes lidar observations.
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This wind reversal filters out many westward-propagating waves, leading to a sharp drop in the GW energy in
summer above 80 km. Zonal wind in the other seasons is eastward-oriented, with the strongest wind occurring
in winter, causing further filtering of eastward-propagating GWs in winter. In the observational range of the Andes lidar, that is, from 80–105 km, the lidar-derived horizontal mean winds are close to those obtained from the
HWM14. We noted that in this height range, the zonal wind reverses again in summer, fall and winter and further
weaken the GWs that occur in these seasons.
The meridional mean wind below 70 km obtained from the HWM14 is mainly southward-oriented and is generally weaker than the zonal wind. At heights of 20–40 km, meridional wind is weak and southward-oriented in all
seasons. In winter, in the height range of 40–60 km, southward-oriented wind increases, weakening the southward-oriented GWs. Above 80 km up to 90 km, the meridional winds derived from both the HWM14 and Andes
lidar display a strong reversal in summer and an enhanced southward-oriented wind in winter; these conditions
should weaken the GWs in summer and winter. Above 90 km, the background meridional wind begin to reverse in
winter and then further weaken the upward-propagating GW energy. All these analyses indicate that the seasonal
variations of the spectral amplitudes of GWs in the mesopause are the combined result of seasonal variations of
wave sources and the wind filtering effect. In addition, we noted that the spectral amplitudes of meridional wind
are several times larger than those of zonal wind; this may be due to the stronger meridional wind perturbations
compared to the zonal wind perturbations.
The spectral slopes of the zonal wind perturbations vary from −1.84 ± 0.06 in spring to −2.04 ± 0.04 in summer,
and the slopes of the meridional wind perturbations vary from −2.14 ± 0.07 in fall to −2.26 ± 0.04 in summer,
with mean values of −1.96 and −2.18 for the zonal and meridional wind perturbations, respectively. Similar
spectral slopes with a mean value of −2.21 ± 0.08 (with an off-zenith angle of 15°) have been reported for radial
winds by Gardner et al. (1998). We noted that all the calculated mean horizontal wind and temperature spectral
slopes are systematically less negative than the canonical value of −3, indicating a departure from the saturated
GW spectral theories (Smith et al., 1987). Similarly, Zhang, Huang, Huang, Gong et al. (2017); Zhang, Huang,
Huang, Zhang et al. (2017) analyzed 11 years (1998–2008) of radiosonde data from 92 United States stations in
the Northern Hemisphere and found that the slopes of the horizontal wind spectra in the troposphere and lower
stratosphere were also larger than −3. Generally, the slopes of horizontal wind vertical wavenumber spectra are
more negative in summer and winter than in spring and fall. This seasonal difference in spectral slopes can also be
explained by background winds. Since background winds are stronger and/or reverse more in winter and summer
than in other seasons, more GWs with small vertical wavelengths are filtered out by background winds in these
seasons, resulting in steeper spectra in summer and winter.
The spectral amplitudes of the vertical wind perturbations are approximately two orders of magnitude smaller
than those of the horizontal wind spectra, and the spectral amplitudes of the vertical wind perturbations range
from 9.48 m2s−2/(cycle/km) in spring to 27.01 m2s−2/(cycle/km) in winter; these values are close to the lidar
observations collected during eight nights in 1994 and 1995 by Gardner et al. (1998). These seasonal variations
are obviously different from those of the horizontal wind spectra, and this difference may be because horizontal
winds are more sensitive to low-frequency advection motions than vertical wind, while vertical wind is more sensitive to high-frequency convection motions (Zhang et al., 2013; Zhang, Huang, Huang, Gong et al., 2017; Zhang,
Huang, Huang, Zhang et al., 2017). From Figure 3a, we can see that the stratospheric zonal-wind jet stream is
relatively strong in winter, at which time high-frequency GWs are easily generated (Whiteway et al., 1997; Baumgaertner & McDonald, 2007); these conditions may enhance the spectral amplitude of vertical wind in winter,
further reflecting the different spectral features of vertical and horizontal winds. These high-frequency GWs have
a greater possibility of surviving due to the strong background wind-induced Doppler-shifting effect or the wind
reversals below 80 km and thus more easily propagate into the higher atmosphere.
In agreement with the very few existing vertical wind spectra observations (Zhang et al., 2013; Zhang, Huang,
Huang, Gong et al., 2017; Zhang, Huang, Huang, Zhang et al., 2017), the presented vertical wind perturbation
spectra are also much shallower than those of other GW components. The vertical wind spectral slopes range
from −0.55 ± 0.01 in fall to −1.30 ± 0.03 in winter, with a mean value of −0.82; these values are close to the
mean slope of −1.08 ± 0.04 obtained by Gardner et al. (1998) using lidar observations. The obvious differences
between the vertical wind spectral structure and those of other GW components, for example, horizontal winds
and temperatures, strongly suggest that vertical wind has different spectral slope. Another possible cause of these
spectral differences may be that horizontal winds and vertical wind are more sensitive to low-frequency advection
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motions and relatively high-frequency convection activities, respectively. LIT (Dewan & Good, 1986) predicts
that the vertical wind spectral slope should have the same value as that of the horizontal wind spectral slope, that
is, −3. In contrast, DFT (Gardner, 1994) assumes that the vertical wind spectral slope is 1. DST (Hines, 1991),
SCT (Smith et al., 1987) and RST (Eckermann, 1997) do not particularly predict the vertical wind spectral slope
and assume a universal spectral slope of −3. Evidently, our results support neither LIT nor DFT. Therefore, it is
very important to investigate vertical wind spectrum to assess the existing GW spectral theories. In addition, the
vertical wind spectra become steeper in the large wavenumber region, while the horizontal wind spectra are shallower in the large wavenumber region implying the vertical wind and horizontal wind may have different spectral
feature. Another possible cause for this difference is the limitation of the detection technique. The vertical wind
is very small compared with the horizontal wind and is more difficult to be measured. Lidar has difficulty in
capturing the vertical wind fluctuations with very small vertical and time scales. Therefore, for the vertical wind,
the PSD drops rapidly in the largest wavenumber region, producing a steeper spectral structure there.

4. Frequency Spectra
Considering the temporal resolution and observation duration, the range of analysis considered for frequency
spectra is 0.2–5 hr−1, corresponding to a period range of 0.2–5 hr. Linear fitting was carried out on the saturation
frequency region; this region spanned approximately f*−3.33 hr−1. Here, f* is the characteristic frequency that
corresponds to the frequency with the most energetic GW.
Similar to Figures 1 and 5 provides GW frequency spectra example obtained from observations collected from
2336 UT to 1024 UT on 11 June 2016. Figure 5 shows that the frequency spectral amplitudes of the normalized
temperature perturbations, zonal wind perturbations, meridional wind perturbations, and vertical wind perturbations are 7.36 × 10−3 ± 7.29 × 10−3/(cycle/hr), 4.70 × 102 ± 4.96 × 102 m2 s−2/(cycle/hr), 5.48 × 102 ±
3.85 × 102 m2 s−2/(cycle/hr), and 1.07 × 101 ± 1.42 × 101 m2 s−2/(cycle/hr), respectively. The fitted slopes of the
mean spectra in the characteristic frequency range of f*–3.33 hr−1 of the normalized temperature perturbations,
zonal wind perturbations, and meridional wind perturbations are −1.96 ± 0.12, −1.51 ± 0.09 and −1.54 ± 0.11,
respectively, which are close to the canonical value of −5/3. The vertical wind spectra are generally shallower,
with the mean spectral slope of −1.13 ± 0.09.
Similar to the vertical wavenumber spectra, to verify the consistency of the frequency spectral slope case analysis and statistical analysis, we fitted the spectral slopes of frequency spectra obtained from all horizontal and
vertical wind perturbations time series and normalized temperature perturbations time series from May 2014 to
July 2019 within the spectral saturation region range and carried out T statistical significance tests on the mean
spectral slopes of each variable listed in Table 2. Table 2 shows that although the mean slopes of the horizontal
wind frequency spectra are slightly less negative than −5/3, the P values are still less than 0.001 at a slope of
−5/3. However, the P values calculated for the mean frequency spectral slopes are larger than 0.05. These results
indicate that the frequency spectral statistical results are reliable.
Figure 6 shows the mean frequency spectra obtained in four seasons. The spectral amplitudes of all GW components are significantly larger in winter than in other seasons; these results obviously differ from the seasonal
variations observed in the horizontal wind perturbation wavenumber spectra. For the normalized temperature
perturbations, except in winter, the spectral amplitudes showed only slight seasonal variations, ranging from
9.97 × 10−3/(cycle/hr) in spring to 2.04 × 10−2/(cycle/hr) in winter. The spectral slopes of the normalized temperature perturbations range from −1.86 ± 0.02 in fall to −2.02 ± 0.02 in winter, with a mean value of −1.96;
this value is close to the spectral slope of the temperature perturbations of −1.98 ± 0.08 reported by Gardner
et al. (1998) and is slightly more negative than −5/3.
For the zonal and meridional wind perturbations, the spectral amplitudes range from 8.27 × 102 m2s−2/(cycle/hr)
in fall to 1.61 × 103 m2s−2/(cycle/hr) in winter and from 1.14 × 103 m2s−2/(cycle/hr) in spring to 2.95 × 103 m2s−2/
(cycle/hr) in winter. These values are close to the results obtained using data collected at heights of 84–88 km
from the Mesosphere-Stratosphere-Troposphere/Incoherent Scatter radar in Antarctica (Sato, et al., 2017). In contrast from the vertical wavenumber spectra, the frequency spectral amplitudes of horizontal winds are obviously
larger in winter than in the other seasons. This difference is likely because the GW spectral components extracted
in our frequency spectral analyses may not be the same as those in the vertical wavenumber spectra because of the
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Figure 5. The frequency spectra of the (a) normalized temperature perturbations, (b) zonal wind perturbations, (c)
meridional wind perturbations and (d) vertical wind perturbations with a 10.8 hr detection duration in the height range of
84.5–99 km on 11 June 2016. The black curves are the frequency spectra of the time series in the height range of 84.5–
99 km, the blue curves are the mean spectra of all frequency spectra over the whole night, and the red dashed lines are the
corresponding linear fittings in the saturation region of f*−3.33 hr−1.

observational filtering effect. To confirm this speculation, we calculated the dispersion curves of GWs, as shown
in Figure 7, according to the GW dispersion equation under still background wind conditions:
(
)
𝑁 2 𝑘2ℎ + 𝑓 2 𝑚2 + 4𝐻1 2
𝜔̂ 2 =
(3)
𝑘2ℎ + 𝑚2 + 4𝐻1 2

Table 2
T Statistical Significance Tests of the Slopes of the Frequency Spectra With
a Canonical Value of −5/3 and the Calculated Mean Frequency Spectral
Slopes
Mean slopes of all
frequency spectra of
all time series

P values with
the canonical
value of −5/3

P values with the
mean frequency
spectral slopes

T’/T

−2.01 ± 0.44

<0.001

>0.05

u’

−1.41 ± 0.35

<0.001

>0.05

v’

−1.59 ± 0.38

<0.001

>0.05

w’

−0.95 ± 0.38

<0.001

>0.05

Perturbations
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𝐴𝐴

𝐴𝐴
𝐴𝐴
𝐴𝐴 = −1.17 × 10−5 s−1 is the inwhere 𝐴𝐴ℎ is the GW horizontal wavenumber;
𝑅𝑅𝑔𝑔 𝑇𝑇𝑚𝑚
𝐴𝐴 site; 𝐴𝐴 = 𝑔𝑔 = 6.1 km is the mass scale height
ertia frequency at the lidar
from 85–105 km, and Rg = 287.0 m−2/(s−2K) is the gas constant representing
a balanced atmosphere; Tm = 202.3 K is the mean background temperature
in the 85–105 km region obtained from the lidar data; g = 9.5 m/s−2 is the
gravitational acceleration; and N = 3.3 × 10−3 s−1 is the mean Brunt-Väisälä
frequency calculated using the background temperature.

When calculating the GW dispersion curves, the horizontal wavelength
𝐴𝐴ℎ = 𝑘𝑘1 (with a wavenumber unit of km−1) varies from 50 to 1,350 km with
ℎ
an interval of 100 km. Lidar can be used to observe ground-based frequency
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Figure 6. The seasonally averaged frequency spectra of the (a) normalized temperature perturbations, (b) zonal wind
perturbations, (c) meridional wind perturbations and (d) vertical wind perturbations. The red, yellow, green and blue curves
are the seasonally averaged spectra in spring, summer, fall and winter, respectively. The dashed lines represent the linear
fittings in the saturation region of f*−3.33 hr−1.

but not intrinsic frequency. At the absence of background winds, the intrinsic frequency can be approximated
as the ground-based frequency. Figure 7 shows that the GW spectral components considered in our frequency
spectral analyses exactly correspond to those considered in our wavenumber spectral analyses only when the horizontal GW wavelength is less than 150 km. However, GWs have horizontal wavelengths of dozens to hundreds or
even thousands of kilometers (Fritts & Alexander, 2003). This may have been due to the observational filtering
effect (Alexander, 1998) in which the observed GW spectral components are not completely consistent on the
vertical scale or temporal scale. According to the observational filtering effect (Alexander, 1998; Alexander &
Ortland, 2010; Trinh et al., 2015), the spectral components observed by different instruments can represent only
a portion of the full GW spectra due to the temporal and vertical resolution limitaitons. Therefore, the difference
in the seasonal variations in spectral amplitudes between the frequency spectra and wavenumber spectra resulted
mainly from these spectra reflecting the spectral features of different GW spectral components. We estimated
the impact of the wind field and found that only when a GW propagates along the background winds and when
the background winds are sufficiently strong (larger than 60 m/s) do the wavenumber spectral components correspond nearly completely to the frequency spectral components. However, lidar observations (Figure 4) show
that in most cases, the background wind field has a velocity less than 60 m/s. This indicates that the wavenumber
spectral components do not correspond completely to the frequency spectral components in most cases.
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Figure 7. Intrinsic frequencies varying with the vertical wavenumbers at different horizontal wavelengths. The region
between the vertical dashed lines is the wavenumber range obtained in our wavenumber spectral analysis. The region between
the horizontal dotted lines is the frequency range obtained in our frequency spectral analyses.

The frequency spectral slopes of the zonal wind perturbations vary from −1.19 ± 0.02 in spring to −1.54 ± 0.02 in
summer, and the slopes of the meridional wind perturbations vary from −1.42 ± 0.02 in spring to −1.70 ± 0.03 in summer; the zonal and meridional wind perturbation spectral slopes have mean values of −1.37 and −1.56, respectively,
and these values are slightly less negative than −5/3. These slopes are less negative than the horizontal wind frequency
spectral slopes of approximately −2 reported by Sato et al. (2017). As shown in Figures 3 and Figure 4, although few
zonal wind reversals occur in spring and fall, the wind field is relatively strong below 20 km in these seasons, and some
low-frequency waves are filtered out. In spring and fall, zonal wind is further strengthened at heights of 30–70 km, and
meridional wind is further strengthened at 50–70 km and 90–100 km, thus further filtering out low-frequency waves.
Consequently, the energy decrease associated with low-frequency waves leads to relatively shallow frequency spectra
in spring and fall. Because the wind field is strong in summer and reverses many times, extensive filtering out of not
only low- but also high-frequency waves occurs, and frequency spectra are thus steeper in summer. In winter, the frequency spectra and wavenumber spectra observed in GWs may not contain the same spectral components.
The spectral amplitudes of the vertical wind perturbations are also approximately two orders of magnitude smaller
than those of the horizontal wind spectra, and the spectral amplitudes range from 4.20 m2 s−2/(cycle/hr) in spring to
36.34 m2 s−2/(cycle/hr) in winter; these values are close to the vertical wind frequency spectral amplitudes derived
from lidar observations by Gardner et al. (1998). Similar to the normalized temperature and horizontal wind perturbations, the frequency spectral amplitudes of the vertical wind perturbations are significantly larger in winter than
in the other three seasons. The vertical wind spectral slopes range from −0.74 ± 0.03 in spring to −1.32 ± 0.02 in
winter and had a mean value of −0.91; these values are more negative than the mean slope of −0.76 ± 0.04 derived
from lidar observations by Gardner et al. (1998) but are significantly less negative than −5/3. Similar to the wavenumber spectra, the vertical wind frequency spectra are also much shallower than the horizontal wind frequency
spectra, further indicating that vertical wind has different spectral features from horizontal winds.

5. Two-Dimensional Spectra
To assess the separability of the GW spectrum, we calculated the two-dimensional power spectral density of GW
perturbations in each whole-night observation as follows:
| 𝐿 𝐽
|2
|
2𝜋(𝑗−1)(𝑘−1)
Δ𝑧Δ𝑡|𝑓 (𝑚𝑘 , 𝜔𝑛 )|2
Δ𝑧Δ𝑡 ||∑ ∑
−
𝑖 − 2𝜋(𝑙−1)(𝑛−1)
𝑖|
𝐽
𝐿
=
𝐹
(𝑚
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𝜔
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=
𝑥(𝑧
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𝑡
)𝑒
𝑒
𝑘
𝑛
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|
|
|
𝐴𝐴
𝐴𝐴
𝐴𝐴𝑛𝑛 is the nth frequency,
𝐴𝐴
𝐴𝐴 (𝑚𝑚𝑘𝑘 , 𝜔𝜔𝑛𝑛 ) denotes the two-dimensional discrete Fourier
where 𝐴𝐴𝑘𝑘 is the kth wavenumber,
𝐴𝐴
Δ𝑧𝑧 is the vertical interval of the data set, J is the number of total vertical data points,
𝐴𝐴
Δ𝑡𝑡
transform amplitude,
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Figure 8. Normalized logarithms of the mean two-dimensional spectra of the (a) normalized temperature perturbations, (b)
zonal wind perturbations, (c) meridional wind perturbations and (d) vertical wind perturbations averaged over all observations
collected from May 2014 to July 2019.

𝐴𝐴

is the temporal interval of the data set, and L is the number of total data points obtained over time during each
𝐴𝐴
𝐴𝐴(𝑧𝑧𝑗𝑗 , 𝑡𝑡𝑙𝑙 ) denotes the normalized temperature perturbations
𝐴𝐴
whole-night observation. The parameter
(𝑇𝑇̂ (𝑧𝑧𝑗𝑗 , 𝑡𝑡𝑙𝑙 )),
′
′
𝐴𝐴
𝐴𝐴
zonal wind perturbations
(𝐴𝐴 (𝑧𝑧𝑗𝑗 , 𝑡𝑡𝑙𝑙 )), meridional wind perturbations
(𝐴𝐴 (𝑧𝑧𝑗𝑗 , 𝑡𝑡𝑙𝑙 )) or vertical wind perturbations
(𝐴𝐴′ (𝑧𝑧𝑗𝑗 , 𝑡𝑡𝑙𝑙 )). Then, we averaged the two-dimensional spectra over all available nights to attain the mean two-dimensional GW spectrum. To clearly illustrate the frequency-dependent wavenumber spectra, at each frequency,
we normalized the logarithms of the two-dimensional spectral amplitudes and displayed them in Figure 8.
For a completely separable spectrum, the contours displayed in Figure 8 should be vertical lines. As shown in
Figure 8, for the normalized temperature perturbations, zonal wind perturbations and meridional wind perturbations, when the frequency is higher than 1.5 hr−1, the contours are nearly vertical lines, indicating that the spectra
are nearly separable at high frequencies. In the lower-frequency region (at frequencies lower than 1.5 hr−1), the
contours tilt toward high wavenumbers as the frequency increases, especially in the high-wavenumber regions of
the horizontal wind perturbations, indicating that the wavenumber spectra become shallower as the frequency increases and suggesting that the spectra are non-separable at low frequencies. This differs from the previous results
obtained from observations collected in the stratosphere (Fritts & Chou, 1987; Fritts & Hoppe, 1995), in which the
GW spectrum is exhibited to be more separable at lower frequencies. The integrated two-dimensional spectra over
different frequency ranges are presented in Figure 9. As shown in Figure 9, the vertical wavenumber spectra of
the normalized temperature and horizontal winds become shallower as the frequency increases. In the highest-frequency region, the vertical wavenumber spectral slopes of all GW components are significantly less negative than
the canonical value of −3 predicted by LIT (Dewan & Good, 1986). A possible reason for this result is that since
high-frequency GWs have large horizontal phase velocities, they are not saturated in the realistic atmosphere.
Moreover, our results also imply that the variabilities in global horizontal wind spectra observations may result
from two causes: one is that the observed GWs have different frequencies, and the other is that any instrument can
observe only a portion of the GW frequency spectrum due to temporal coverage and resolution limitations.
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Figure 9. Normalized wavenumber spectra integrated from the two-dimensional spectra of the (a) normalized temperature
perturbations, (b) zonal wind perturbations, (c) meridional wind perturbations and (d) vertical wind perturbations for period
ranges of 3–4 hr (red curves), 1.5–3 hr (yellow curves), and 0.25–1.5 hr (blue curves).

For the vertical wind perturbations, the contours of the spectral amplitude shown in Figure 8 are almost completely parallel vertical lines, suggesting that the vertical wind spectrum is considerably separable. This can be further
confirmed by Figure 9d, which illustrates the vertical wavenumber spectral slopes have only slight differences
among different frequency ranges. A possible explanation for this result is that vertical wind is more sensitive
to high-frequency motions and thus might have spectrum with better separability. The wavenumber spectrum of
vertical wind is obviously shallower than that of horizontal winds in the low-frequency range; this is inconsistent
with the conclusion predicted by LIT (Dewan & Good, 1986). However, in the high-frequency range, the slopes
of the horizontal wind spectra and vertical wind spectrum are very close. Generally, our results suggested that the
vertical wavenumber spectra of horizontal wind perturbations with high frequencies and of vertical wind perturbations cannot be explained by LIT (Dewan & Good, 1986).

6. Conclusions
We analyzed the vertical wavenumber, frequency and wavenumber-frequency spectra of normalized temperature
and three-dimensional wind perturbations using lidar data observed in the height range of 75–105 km from May
2014 to July 2019 at the Andes Lidar Observatory in Cerro Pachon, Chile (30.3°S, 70.7°W). The primary conclusions are summarized as follows.
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For the wavenumber spectra, the normalized temperature perturbation spectral amplitudes range from 1.85 × 10−2/
(cycle/km) in summer to 2.65 × 10−2/(cycle/km) in winter, and their slopes range from −2.20 ± 0.05 in spring to
−2.34 ± 0.04 in summer, with a mean value of −2.28. Both the spectral amplitudes and slopes have only slight
seasonal variations.
The horizontal wind spectral amplitudes and slopes exhibit evident seasonal variations, with larger amplitudes
occurring in spring and fall. The spectral slopes of the zonal and meridional winds vary from −1.84 ± 0.06 in
spring to −2.04 ± 0.04 in summer and from −2.14 ± 0.07 in fall to −2.26 ± 0.04 in summer, with mean values of
−1.96 and −2.18, respectively; these values are systematically larger than the canonical value of −3, indicating
a departure from LIT (Dewan & Good, 1986). The seasonal characteristics of GW spectra in the mesopausal
region represent the combined influence of the seasonal variations in wave sources and the wind filtering effect.
The vertical wind spectra observations obtained herein are important due to the difficulties in measuring vertical
winds. The vertical wind spectral amplitudes are approximately two orders of magnitude smaller than those of
the horizontal winds. In contrast from the seasonal variations observed in the horizontal wind spectra, the vertical
wind spectral amplitudes are larger in winter. This may be because vertical winds are more sensitive to higher-frequency disturbances and are thus sensitive to background wind reversals in winter. The slopes of the vertical wind
spectra range from −0.55 ± 0.01 in fall to −1.30 ± 0.03 in winter, with a mean value of −0.82; these values are
significantly less negative than those of the horizontal wind and are inconsistent with the spectral slopes predicted
by both LIT (−3) (Dewan & Good, 1986) and DFT (1) (Gardner, 1994), suggesting that the spectral features of
vertical wind are inherently different from those of horizontal winds.
For the frequency spectra, except in winter, the normalized temperature perturbation spectral amplitudes show
only slight seasonal variations in the other seasons, ranging from 9.97 × 10−3/(cycle/hr) in spring to 2.04 × 10−2/
(cycle/hr) in winter. The spectral slopes of the normalized temperature perturbations range from −1.86 ± 0.02
in fall to −2.02 ± 0.02 in winter, with a mean value of −1.96; these values are slightly more negative than the
universal value of −5/3.
The zonal and meridional wind frequency spectral amplitudes range from 8.27 × 102 m2s−2/(cycle/hr) in fall to
1.61 × 103 m2s−2/(cycle/hr) in winter and from 1.14 × 103 m2s−2/(cycle/hr) in spring to 2.95 × 103 m2s−2/(cycle/hr)
in winter, respectively. In contrast from the amplitudes of the vertical wavenumber spectra, the frequency spectral
amplitudes of the horizontal winds are obviously larger in winter than in other seasons. These seasonal differences in the vertical wavenumber and frequency spectra are attributed to the fact that the GW spectral components
extracted in our frequency spectral analyses may not be the same as those contained in the vertical wavenumber
spectra due to the observational filtering effect (Alexander, 1998; Alexander & Ortland, 2010; Trinh et al., 2015)
in which the observed spectral components can represent only a portion of the full GW spectra due to the temporal and vertical resolution limitations inherent to the utilized instruments. The frequency spectral slopes of the
zonal wind perturbations vary from −1.19 ± 0.02 in spring to −1.54 ± 0.02 in summer, and the slopes of the
meridional wind perturbations vary from −1.42 ± 0.02 in spring to −1.70 ± 0.03 in summer, with mean values
of −1.37 and −1.56, respectively; these values are slightly less negative than −5/3. The weaker and shallower frequency spectra obtained in spring and fall likely resulted from the strong background horizontal winds inducing
the filtering out of the low-frequency components.
For the vertical wind perturbations, the frequency spectra are approximately two orders of magnitude smaller
than those of the horizontal wind spectra. The spectral amplitude is significantly larger in winter than in the other
three seasons. The vertical wind spectral slopes range from −0.74 ± 0.03 in spring to −1.32 ± 0.02 in winter, with
a mean value of −0.91; these values are also much shallower than −5/3 and the corresponding values obtained
for the horizontal winds, such as those in wavenumber spectra, further suggesting that vertical wind has different
spectral features from horizontal winds.
From the wavenumber-frequency spectra, we found that the horizontal wind spectra are nearly separable at high
frequencies but become shallower as the frequency increases and are non-separable at low frequencies.
One important conclusion is that the vertical wind spectrum is considerably separable in both the high- and
low-frequency ranges. This is probably because vertical wind is more sensitive to high-frequency motions whose
spectrum might be highly separable. Notably, in the high-frequency range, the slopes of the horizontal wind
spectra are much less negative and are very close to those of the vertical wind spectrum; this result evidently
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departs from that expected under LIT (Dewan & Good, 1986). This departure can be attributed to the fact that in
the realistic atmosphere, high-frequency GWs are not fully saturated due to their large horizontal phase velocities.
In general, our results suggest that the spectral features of vertical wind and high-frequency horizontal wind
perturbations cannot be explained under LIT (Dewan & Good, 1986), implying that more observational and theoretical efforts are needed to fully reveal GW spectra as well as their formation mechanisms.
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The lidar data adopted in this study are freely available at the Andes Lidar Observatory database at http://lidar.
erau.edu/data/.
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